Structure of vanadium-doped lithium disilicate, Li2Si2O5 (Ccc2 space group) is studied. This crystalline phase is obtained by annealing of the doped lithium disilicate glass for 4 h at 550
Introduction
Lithium-silicon oxides, both amorphous and crystalline, exhibit interesting physicochemical (electrical and mechanical) properties which may lead to their wider applications. They can be prepared by various methods [1] . Their properties depend, in particular, on the presence of short-range or long-range order. Lithium--based conducting glasses are promising candidates for electrolyte materials of thin-film batteries due to their isotropic ionic conductivity. However, at room temperature most of such conducting glasses exhibit relatively low ionic conductivity values, in the range 10 −7 to 10 −8 S/m. In order to increase the conductivity, some specific additives have been used, one of them being vanadium. In a recent work on borate glasses, vanadium dopant at a level of several percent was used for this purpose [2] [3] [4] ; annealing of these materials resulted in modification of physical properties [2] .
It is noteworthy that nucleation and crystallisation of ordered phases are frequently favoured if an additive is used, and they may lead to unwanted features of the materials, therefore studies on glass annealing are of high importance. Nucleation and crystallisation of ordered phases in lithium disilicate glass has been studied for several decades, see e.g. Refs. [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] . The reported studies concern, in particular, crystalline Li 2 Si 2 O 5 compound and Li 2 Si 2 O 5 based glasses exhibiting good mechanical properties and applicable e.g. in dentistry as a high--strength machinable glass ceramic [17, 18] and as substrates in storage media [19] . As concerns the mechanical * corresponding author; e-mail: paszk@ifpan.edu.pl properties, the presence of Li 2 Si 2 O 5 crystals in the glass matrix enhances the strength of the glass [20] . Other potential applications involve the ozone detection [21] .
The interest in modification of Li 2 Si 2 O 5 properties by a third component gave motivation to structural studies of crystalline Li 2 Si 2 O 5 and Li 2 Si 2 O 5 doped, e.g., with aluminium [22] , boron [23] , or phosphorus [24] . Another possible dopant is vanadium, for which, up to our knowledge, crystallisation has not been studied yet. Only the glass formation and nucleation phenomena have been studied for samples jointly doped with vanadium and other 5A/5B elements [25] .
Experimental

Crystallisation process
At the first step, the glass of composition (Li 2 Si 2 O 5 ) 1−u (V 2 O 5 ) u with u ranging from 0.005 to 0.06 was prepared by heating a mixture of quartz (SiO 2 ), lithium carbonate (Li 2 CO 3 ) and vanadium pentoxide (V 2 O 5 ) at 1400
• C for 3 h and then cooled. The melting process was carried out in platinum crucibles and during the melting the crucibles were covered by a platinum lids to minimize any volatilization process. Therefore, no weight loss analyses were carried out. The crystalline Li 2 Si 2 O 5 -based phase was then prepared by annealing of the glass for four hours at 550
• C, i.e. slightly above the nucleation temperature of ≈ 500
• C (see e.g. Ref. [16] ).
Characterisation techniques
X-ray diffraction (XRD) experiments were performed employing a modern X-Pert MPD diffractometer equipped with a Johansson monochromator and a strip (315) detector. The Rietveld refinements were performed using the FullProf program [26] . For profile shape the pseudo--Voigt function was employed. The X-ray absorption experiment was conducted at the CEMO beamline (Hasylab at DESY, Hamburg). The X-ray absorption near edge structure (XANES) measurements were carried out at room temperature using a seven-element silicon fluorescence detector.
Results and discussion
The crystallographic information on Li 2 Si 2 O 5 , one of several compounds existing (as noted in Refs. [27, 28] in the Li 2 O-SiO 2 system) is scarce. This compound crystallises in Ccc2 space group (stable form [29] ) or a metastable P bcn form [30, 31] . However, most papers refer to a monoclinic cell [9, [32] [33] [34] [35] [36] which has been used even recently [9, 36] despite noticing [35] a discrepancy in diffraction-peak intensities between experiment and calculation. The monoclinic cell has a different symmetry but the same size as the Ccc2 stable form (β = 90
• ), so it is still qualitatively useful in comparisons (see Table) . Crystallographic and electronic structure of this material have also been studied theoretically in Ref. [37] assuming the monoclinic cell and in Refs. [38] [39] [40] assuming the orthorhombic cell. a ) are included (the data referring to the monoclinic cell are given in italics). The present synthesis procedure gave virtually pure Li 2 Si 2 O 5 phase of orthorhombic Ccc2 space group [29] with vanadium present in the lattice, as indicated by increase of lattice parameters with rising vanadium content. Samples A and B crystallized completely. In the samples C and D a very small addition of an amorphous phase was observed. Control samples annealed in a shorter time were multiphase, indicating that the given crystallisation process of Li 2 Si 2 O 5 requires at least about 4 h, if the annealing temperature of 550
• C is used. The presence of the tiny amount of amorphous phase in the samples richer in vanadium suggests that the crystallisation process time should be slightly longer than 4 h for samples rich in vanadium. The crystallisation of vanadium doped Li 2 Si 2 O 5 glass shows some similarities with that for compositionally and structurally related phosphate glasses studied in Ref. [24] .
The Rietveld refinements were performed assuming the Ccc2 space group assuming a partial substitution of Si
4+
by V 4+ ions (see the example in Fig. 1) . A satisfactory correction for preferred orientation was obtained assuming the March-Dollase function and [001] orientation direction (this direction has been also found to be the crystallite orientation at the surface of Li 2 Si 2 O 5 ceramics [34, 10] ). The refinements of data collected for doped samples show that lattice parameters a, b, and c vary isotropically with increasing vanadium content, as shown in Fig. 2 and quoted in Table. For vanadium free case, the present extrapolated lattice parameters are higher, by about 0.2%, than the values of Ref. [29] . A possible cause is some difference in preparation way of the studied materials. The older data assuming the monoclinic (pseudo-orthorhombic) cell exhibit a rather large scatter of the unit cell size. X-ray absorption techniques provide, in a selective way, information about the first and further neighbours of the given element atoms remaining in an ordered or in a disordered state. They are also very helpful in determination of the valence state. In order to confirm the finding of the XRD that vanadium substitutes silicon atoms in the lithium disilicate unit cell, i.e. that the formula can be written as Li 2 (Si 1−t V t ) 2 O 5 , X-ray absorption measurements were undertaken.
Normalized XANES spectra at the vanadium K edge are presented in Fig. 3a . The shapes of the spectra are very similar, with only slight changes between lower (samples A and B) and higher (samples C and D) vanadium concentration. However, in all cases, a very pronounced pre-peak is observed. According to Ref. [41] , the pre-peak position and intensity depend strongly on the vanadium oxidation state and symmetry. The authors of the cited paper have checked several standard compounds and constructed the figures, where the oxidation state was compared with the measured position of the energy edge and pre-peak intensity for normalized spectrum. Both of these values: position (E 1/2 ≈ 15 eV) and intensity of the pre-peak (≈ 0.7) found for the investigated samples indicate that vanadium ionicity is equal to +4, +5 or intermediate. This supports the hypothesis that vanadium dopant substitutes silicon atoms. Due to the charge balance, the expected valency of vanadium located at Si sites is +4, being in line with the above observations based on pre-peak intensity. The presence of vanadium at a higher valence state is not completely excluded, it would be accompanied by vacancies at the Si site. In order to check how the possible vanadium location in vanadium-doped Li 2 Si 2 O 5 compound influences the shape of the XANES spectra, ab initio calculations using FEFF 8.4 [42] were carried out. A cluster of 10 Å in radius was first created using the known crystallographic data. Then, the vanadium atom was introduced substituting either Si (V Si ) or Li (V Li ) and for both these models the spectra were calculated. The results are shown in Fig. 3b . Comparison with the experimental spectrum indicates that V atoms prefer the Si sites. In summary, the structural changes in vanadium-doped Li 2 Si 2 O 5 compound caused by vanadium doping were experimentally studied by X-ray diffraction and absorption methods. The obtained results indicate clearly that the chemical formula of the crystallised material is Li 2 (Si,V) 2 O 5 .
The doping is found to cause isotropic lattice expansion.
